ertebrate muscle spindle stretch receptors are important for limb position sensation (proprioception) and stretch reflexes. The structurally complex stretch receptor arises from a single myotube, which is transformed into multiple intrafusal muscle fibers by sensory axon-dependent signal transduction that alters gene expression in the contacted myotubes. The sensory-derived signal transduction pathways that specify the fate of myotubes are very poorly understood. The zinc finger transcription factor, early growth response gene 3 ( Egr3 ), is selectively expressed in sensory axon-contacted myotubes, and it is required for normal intrafusal muscle fiber differentiation and spindle development. Here, we show that overexpression of Egr3 in primary myotubes in vitro leads V to the expression of a particular repertoire of genes, some of which we demonstrate are also regulated by Egr3 in developing intrafusal muscle fibers within spindles. Thus, our results identify a network of genes that are regulated by Egr3 and are involved in intrafusal muscle fiber differentiation. Moreover, we show that Egr3 mediates myotube fate specification that is induced by sensory innervation because skeletal myotubes that express Egr3 independent of other sensory axon regulation are transformed into muscle fibers with structural and molecular similarities to intrafusal muscle fibers. Hence, Egr3 is a target gene that is regulated by sensory innervation and that mediates gene expression involved in myotube fate specification and intrafusal muscle fiber morphogenesis.
Introduction
Muscle spindles are stretch receptors that mediate myotactic stretch reflexes as well as limb and axial body position sensation (proprioception) in vertebrates. They consist of specialized, encapsulated muscle fibers (intrafusal muscle fibers) that are innervated by sensory (groups Ia and II) and motor (fusimotor) axons to form mechanoreceptors that relay skeletal muscle stretch sensation to the central nervous system. Late prenatal or early postnatal sensory denervation, but not motor denervation, of developing skeletal muscles leads to spindle degeneration, which indicates that normal spindle development is dependent on sensory, but not fusimotor, innervation (Zelená, 1957; Zelená and Soukup, 1973; Kucera and Walro, 1992) . Spindle morphogenesis requires intact sensory innervation, and this has been convincingly demonstrated in mice that lack either neurotrophin-3 (NT-3) or its cognate, tyrosine kinase receptor/ TrkC (Ernfors et al., 1994; Klein et al., 1994; Tessarollo et al., 1994) . Proprioceptive sensory neuron survival during development depends on NT-3-tyrosine kinase receptor C signaling, and when it is abrogated in mutant mice Ia-afferents do not form properly to induce spindle morphogenesis in the periphery. Thus, Ia-afferent-derived signaling has been recognized as an essential aspect of muscle spindle induction for several decades, but not until recently have some specific signaling mediators been identified. For example, neuregulin-1 (Nrg1) appears to be an essential Ia-afferent-derived mediator of spindle morphogenesis, and although Ia-afferents establish contact with myotubes, muscle spindle morphogenesis and some intrafusal muscle fiber-specific genes are not appropriately induced in mice when sensory neurons are deficient in Nrg1 (Hippenmeyer et al., 2002) . Similarly, muscle spindle morphogenesis is impaired in mice with a muscle-specific deficiency of erythroblastic leukemia viral oncogene homologue 2 (ErbB2), an essential component of the Nrg1 tyrosine kinase receptor signaling complex (Andrechek et al., 2002; Leu et al., 2003) . Together, these results indicate that Ia-afferents induce spindle morphogenesis by releasing Nrg1 to engage ErbB2-dependent signal transduction in a subpopulation of myotubes that receive sensory myoneural contacts.
Comparatively little is known about the gene regulatory networks that are engaged by ErbB2 signaling in Ia-afferentcontacted myotubes in order to induce their transformation to intrafusal muscle fibers. Presumably, de novo gene expression is required after sensory myoneural contact is established to specify the fate of myotubes that will become morphologically and biochemically distinct intrafusal muscle fibers; to mediate terminal Schwann cell differentiation that will generate the fusiform spindle capsule; and to regulate growth factors that are induced to establish and/or maintain specialized, spindle-related sensory and motor innervation. Accordingly, several transcriptional regulators are induced in myotubes shortly after they are contacted by Ia-afferents, including some Ets-related transcription factors, ER81 (Arber et al., 2000) , Pea3 (Livet et al., 2002) , Ets-related protein ( ERM ; Hippenmeyer et al., 2002) , and the zinc finger transcription factor early growth response gene 3 ( Egr3 ; Tourtellotte and Milbrandt, 1998) . They are all regulated by Ia-afferent-derived Nrg1 after myotube contact (Hippenmeyer et al., 2002) , indicating that they are candidate transcription factors that are involved in ErbB2-dependent and myotube-intrinsic gene expression related to spindle morphogenesis. However, whether Ets-related transcription factors regulate gene expression that is required for spindle morphogenesis has been difficult to discern. For example, ER81 is expressed in developing spindles, proprioceptive sensory neurons, and motor neurons. In ER81 -deficient mice, the spindle number is altered in some muscles because ER81 has a role in the specification of some proprioceptive neurons (Kucera et al., 2002) . In contrast, muscle spindles show no obvious defects in Pea3 -deficient mice, despite the fact that it is also coordinately expressed by intrafusal muscle fibers, motor neurons, and sensory neurons (Livet et al., 2002) . Finally, ERM expression is not restricted to spindles in the developing muscle, and its role in muscle spindle morphogenesis has not been studied because ERM -deficient mice die before muscle spindle induction (Hippenmeyer et al., 2002) .
Egr3 is a particularly interesting candidate effector molecule of Nrg1-ErbB2 signaling in myotubes. Egr3 is induced in Ia-afferent-contacted myotubes at a developmental time point that coincides with Ia-afferent innervation, and it is not expressed by sensory or motor neurons that innervate them. Moreover, Ia-afferent-contacted myotubes in Egr3 -deficient mice fail to differentiate into intrafusal muscle fibers that express an intrafusal muscle fiber-specific, slow developmental myosin heavy chain (Sd-MyHC; Tourtellotte and Milbrandt, 1998; Tourtellotte et al., 2001) , suggesting that their differentiation may be impaired. As one of the earliest recognized transcriptional regulators that are induced selectively in myotubes by Iaafferent innervation, Egr3 may mediate some aspects of Nrg1-ErbB2 signaling that is relevant to myotube fate specification and intrafusal fiber differentiation. However, neither the target genes regulated by Egr3 in Ia-afferent-contacted myotubes nor its potential role in myotube fate specification have ever been directly examined. In this study, we identified many target genes that are regulated by Egr3 in primary myotubes in vitro and demonstrated that some of these genes are regulated by Egr3 in developing spindles in vivo. To examine whether Egr3 has any instructive role in specifying the fate of myotubes to become intrafusal muscle fibers, transgenic mice were generated to express Egr3 in all myotubes independent of Ia-afferent-Nrg1 signaling. These mice were not viable because their skeletal muscle fibers were entirely transformed to contain muscle fibers that were structurally and biochemically similar to intrafusal muscle fibers. Considered together, these results demonstrate that Iaafferent-Nrg1 signaling in myotubes serves, at least in part, to regulate Egr3 as an important transcriptional regulator of myotube fate specification and intrafusal muscle fiber morphogenesis.
Results

Egr3-mediated gene regulation in primary murine myotubes
Egr3 expression is regulated in myotubes by sensory innervation and Nrg1 signaling in vivo (Tourtellotte et al., 2001; Hippenmeyer et al., 2002; Jacobson et al., 2004) . Ia-afferents contact myotubes in Egr3 -deficient mice; in the absence of Egr3 -mediated gene regulation, they do not properly differentiate into spindles, which leaves the mice with profound sensory ataxia and proprioceptive deficits (Tourtellotte and Milbrandt, 1998) . To identify target genes that are potentially regulated by Egr3 in Ia-afferent-contacted myotubes, primary myoblasts were isolated from newborn, wild-type mice and were differentiated into multinucleated myotubes. One population of myotubes was infected with an adenovirus that coexpressed enhanced GFP (EGFP) and full-length, transcriptionally active wild-type Egr3 (Egr3 WT ), whereas another population of myotubes was infected with an adenovirus that coexpressed EGFP and transcriptionally inactive truncated Egr3 (Egr3 Tr ; Fig. 1 A) . Primary myotubes that were infected with 100% efficiency expressed high levels of transgenic protein and showed no evidence of toxicity (Fig. 1  B) . Endogenous Egr3 was not detected in cultured myotubes, similar to myotubes that neither receive Ia-afferent innervation nor become intrafusal muscle fibers in vivo ( Fig. 1 B , bottom right; Tourtellotte and Milbrandt, 1998) . To identify genes regulated by Egr3 in this primary myotube-cellular context, gene expression in the adenovirus-infected myotubes was compared using Affymetrix microarray analysis. The experiment was repeated twice, and a four-way analysis of the gene expression datasets identified 83 unique genes that were up-regulated and five unique genes that were down-regulated by Egr3 WT in primary myotubes. Egr3 appears to be a transcriptional activator in the cellular contexts where it has been studied, which is consistent with the observation that many more genes were up-regulated by Egr3 WT (Table I , 83 genes, 2-244-fold) than were down-regulated (Table II, five genes, two-to threefold). Although most of the 83 genes identified have not been evaluated further, up-regulation was confirmed in 15/15 genes examined by using a real-time PCR analysis on cDNA samples that were prepared from independently infected primary myotubes (Fig.  1 D, results from 12 genes shown; Table I ).
Egr3-mediated gene regulation in developing muscle spindles
To examine whether Egr3 target genes identified in vitro may also be regulated by Egr3 in a similar cellular context in devel-oping muscle spindles in vivo, we used in situ hybridization to characterize gene expression patterns in embryonic wild-type mouse muscles. Egr3 and Pea3 are transcription factors regulated by Ia-afferent-Nrg1 signaling in myotubes, and Ia-afferents contact myotubes in both Egr3 -deficient and Pea3 -deficient mice (Tourtellotte and Milbrandt, 1998; Livet et al., 2002) . Pea3 is not necessary for spindle morphogenesis, but it is a useful marker for localizing Ia-afferent-contacted myotubes in the developing skeletal muscle (Hippenmeyer et al., 2002) . We found that Pea3 was not regulated by Egr3 because Pea3 expression was identified in discretely labeled myotubes in Egr3 -deficient mice (Hippenmeyer et al., 2002) . However, Pea3-expressing myotubes were reduced by ‫ف‬ 66% in Egr3-deficient muscles at the embryonic gestational day (E) 16.5 (Fig. 2 A) and were reduced by ‫ف‬ 86% at E18.5 (Fig. 2 B) . Because Pea3 is a marker of Ia-afferent-myotube contact, the decreased number of Pea3-expressing myotubes in Egr3 -deficient mice is consistent with previous observations that demonstrate initial Ia-afferent contact of myotubes, progressive loss of afferents during prenatal development, and complete loss of afferents in adult Egr3 -deficient mice (Tourtellotte and Milbrandt, 1998; Tourtellotte et al., 2001) . Because some Ia-afferent-contacted, Pea3-expressing myotubes were present in prenatal Egr3 -deficient muscles, it was possible to examine potential Egr3 target gene expression within them. Accordingly, Egr3-dependent gene expression in skeletal muscle should be restricted to Ia-afferent-contacted myotubes where Egr3 expression is restricted, and it should be abrogated in Pea3-expressing (Ia-afferent contacted), Egr3 -deficient myotubes. We examined six target genes that were identified by Affymetrix microarray analysis (and were confirmed to be up-regulated in myotubes by real-time PCR analysis) using in situ hybridization on the muscle. (Fig. 3 A) , SSTr2 (Fig. 3 B) , and Prph1 (Fig. 3 C) expression was restricted to muscle spindles similar to the expression pattern of Egr3. In skeletal muscles from E18.5 Egr3 -deficient mice, NGFR (p75), SSTr2, and Prph1 were not expressed in Pea3-expressing myotubes (Fig. 3 , A-C, bottom). Hence, NGFR (p75), SSTr2, and Prph1 represent new During skeletal muscle development, Ia-afferents contact a relatively small number of myotubes to engage the Nrg1-ErbB2 signaling that specifies whether they will become intrafusal muscle fibers. Egr3 appears to have a role in regulating at least some target genes that are involved in spindle morphogenesis, but it is not known what role it may have in myotube fate specification that is mediated by Ia-afferent-Nrg1 signaling. To examine whether Egr3 has an instructive role in myotube fate specification, transgenic mice were generated using the human skeletal actin (HSA) promoter to enforce Egr3 expression in all skeletal myotubes independent of Ia-afferent-Nrg1 regulation (Fig. 4 A) . It was not possible to generate transgenic founders that could be used to establish lines of transgenic mice because they were not viable. To facilitate the analysis of the transgenic founders, realtime PCR was used to examine the level of Egr3 expression from forelimb-derived RNA in every embryo that was generated. Animals were analyzed based upon their genotype and level of Egr3 expression by grouping them into those that did not carry the transgene (TgϪ; wild type), those that carried the transgene but did not express transgenic Egr3 above endogenous levels (Tgϩ/⌽), those that expressed low levels of transgenic Egr3 (Tgϩ/L; 3-10-fold increased expression relative to TgϪ mice), and those that expressed high levels of transgenic Egr3 (Tgϩ/H; Ͼ10-fold increased expression relative to TgϪ mice; Fig. 4 B) . Late gestation embryos that expressed the transgene (Tgϩ/L and Tgϩ/H) were consistently smaller than their transgene negative (TgϪ) or nontransgene-expressing (Tgϩ/⌽) litter mates (Fig. 4 C) . E18.5 transgene-expressing mice had beating hearts, flexion contractures of their extremities, no spontaneous or evoked motor activity, and were not viable at birth (Fig. 4 D) .
The level of Egr3 expression in particular founder mice correlated with the relative number of muscle fibers that expressed Egr3. Egr3 expression in E18.5 wild-type skeletal muscle was restricted to developing spindles, which were relatively few in number (Fig. 4 E, arrows) , whereas Egr3 was expressed by most of the muscle fibers in transgene-expressing mice (Fig. 4 F) . Transgene-expressing mice had poorly formed skeletal muscles that were generally more poorly formed in Tgϩ/H muscles than in Tgϩ/L muscles. As expected, muscles from mice that did not express the transgene (Tgϩ/⌽) appeared normal. In E18.5 wild-type hindlimbs, discrete muscles were readily identified (Fig. 5 A) , whereas distinct muscles were largely absent in transgene-expressing hindlimbs (Fig. 5 B) . Wild-type muscle fibers contained skeletal myofilaments and subsarcolemmal nuclei that are typical of immature skeletal myofibers (Fig. 5, C and E) . Occasional spindles were identified that consisted of intrafusal muscle fibers with scant myo- (continued) fibrillary architecture and internal nuclei. Sections through the equatorial plane of the spindles showed prominent annulospiral axons (Ia-afferents) circumscribing the intrafusal muscle fibers within rudimentary spindle capsules (Fig. 5 E,  arrowhead) . In contrast, all muscle fibers from transgeneexpressing mice contained scant myofilaments with centrally located nuclei. Although most were single multinucleated fibers that had myofibrillary structure and nuclear features indistinguishable from intrafusal muscle fibers, many were aggregated into clusters that were similar to intrafusal muscle fibers within spindles (Fig. 5, D and F [arrow] ). Most of the intrafusal-like muscle fibers were not encapsulated or innervated as determined from an analysis of serially sectioned, resin-embedded hindlimbs. Occasional normal-appearing spindles were identified in muscles from transgene-expressing mice that had the typical configuration of three to four intrafusal muscle fibers, which were circumscribed by annulospiral sensory axons and rudimentary capsules (Fig. 5 F,  arrowhead) . Thus, Egr3 expression in skeletal myotubes independent of other Ia-afferent signaling has the remarkable capacity to transform them into muscle fibers that are structurally similar to intrafusal muscle fibers, presumably orchestrated by the network of genes it regulates. after Ia-afferent contact is made with myotubes, Pea3 is expressed in both wild-type and Egr3-deficient myotubes. In Egr3-deficient muscles, the number of myotubes that express Pea3 is reduced by 66% in E16.5 embryos, and (B) in E18.5 embryos, they are reduced by 86%. Ia-afferents are known to initially contact myotubes in Egr3-deficient mice and then withdraw during development, which is consistent with the progressive decrease in Pea3-expressing myotubes that are identified in Egr3-deficient muscles. Thus, Pea3 is not regulated by Egr3 in myotubes, and it is a marker for Ia-afferent contact. These results make it possible to use Pea3 to localize Ia-afferent-contacted myotubes and study potential Egr3 target gene expression within them (n ϭ 3 animals for each genotype; mean and standard deviation shown). Insets are high power magnifications of labeled spindles (arrows). Bars: 50 m; (inset) 10 m. Affymetrix microarray analysis demonstrated many potential target genes that are regulated by Egr3 in myotubes. Egr3 was necessary for the expression of (A) NGFR (p75), (B) SSTr2, and (C) Prph1 in muscle spindles. The muscle expression of all of these genes was restricted to the developing spindles (arrows), similar to the expression pattern of Egr3, whereas their expression was abrogated in Pea3-expressing (Ia-afferent contacted), Egr3-deficient myotubes. Bars: 50 m; (inset) 10 m.
Intrafusal-like muscle fibers in HSA-Egr3 transgenic muscle are not innervated
Intrafusal-like muscle fibers in Egr3 transgene-expressing muscles do not have fusiform capsules, which may derive from terminal Schwann cells of innervating axons. To examine whether the transformed muscle fibers were innervated by either fusimotor or proprioceptive axons, parvalbumin (Pv) immunohistochemistry was used as a selective marker for proprioceptive neurons and Ia-afferents (Tourtellotte and Milbrandt, 1998) , and ATP1␣3 immunohistochemistry was used as a marker for both Ia-afferent and fusimotor axons in skeletal muscles (Dobretsov et al., 2003) . There was no quantitative difference in the number of proprioceptive neurons in the TgϪ or Tgϩ/H fifth lumbar dorsal root ganglion (DRG; Fig. 6 A) , and there was no qualitative difference in the number of Pvϩ neurons in any first through fourth cervical or first through fifth lumbar DRG that were examined, suggesting that the number of innervated and structurally normal spindles (Fig. 5 F, arrowhead) was normal in Tgϩ/H mice. However, whereas robust Pvϩ Ia-afferent axons terminated on spindles in TgϪ mice (and occasional normal-appearing spindles in Tgϩ/H mice), the intrafusal-like muscle fibers from Tgϩ/H mice showed no evidence of Ia-afferent innervation (Fig. 6 B) . Similarly, the promoter was used to express Egr3 in all skeletal myotubes independent of normal Ia-afferent-mediated regulation. PCR was used to genotype the mice using the primers indicated (s and as). (B) Perinatal founder mice were not viable, making it necessary to characterize all of the individual embryos generated from the pronuclear injections. Using real-time PCR to examine the expression of Egr3 in muscle, a total of 58 embryos were studied by separating them into four groups: (1) those that did not carry the transgene (TgϪ); (2) those that carried the transgene but did not express it (Tgϩ/⌽); (3) those that carried the transgene and expressed it at low levels (Tgϩ/L; 3-10-fold increase in Egr3 expression relative to TgϪ muscles); and (4) transformed muscle fibers were not able to sustain motor innervation as indicated by the near complete loss of motor neurons in the spinal cord and the absent ventral roots in Tgϩ/H mice (Fig. 6 C) . In the periphery, ATP1␣3 identified fusimotor and Ia-afferent axons that terminated selectively on normal spindles, whereas there was no evidence of such innervation in the transformed muscle fibers in Tgϩ/H muscles (Fig. 6 D) . Pea3 is expressed in myotubes that have been contacted by Ia-afferents, but in Tgϩ/H muscle there was no change in the number of Pea3-expressing myotubes or the expression level of Pea3 in transgene-expressing muscle (Fig. 6 E) . These results are consistent with our findings that Pea3 is not regulated by Egr3 (Fig. 2) , that some morphologically intact spindles are innervated in transgene-expressing muscles (Fig. 5 F,  arrowhead) , and that the transformed muscle fibers are not innervated by Ia-afferents that would otherwise be expected to induce high levels of Pea3 expression. Thus, myotubes that express Egr3 in the absence of other Ia-afferent-derived signaling are morphologically similar to intrafusal muscle fibers, but they are devoid of intact fusiform capsules and are incapable of attracting and/or sustaining their innervation.
Muscle fibers from HSA-Egr3 transgenic mice express genes similar to those of intrafusal muscle fibers
Enforced expression of Egr3 in skeletal myotubes is sufficient to transform them into muscle fibers that structurally resemble intrafusal muscle fibers. To examine whether they also express genes that are characteristic of intrafusal muscle fibers, several well-established intrafusal muscle fiber markers and some newly identified markers were examined in HSA-Egr3 transgenic muscles. In wild-type muscle, Sd-MyHC is expressed by the Ia-afferent contact of myotubes as one of the earliest markers of intrafusal muscle fiber formation. Sd-MyHC is not expressed in Ia-afferent-contacted, Egr3-deficient myotubes, suggesting that they are impaired in their capacity to differentiate into intrafusal muscle fibers (Tourtellotte and Milbrandt, 1998; Tourtellotte et al., 2001 ). Sd-MyHC was localized to intrafusal muscle fibers in developing spindles in wild-type (TgϪ) muscle as previously reported, whereas it was expressed by 15-fold more fibers in Tgϩ/H muscles, indicating that some myotubes had acquired at least one phenotype of intrafusal muscle fibers (Fig. 7 A) . The neurotrophins NT-3 and glialderived neurotrophic factor (GDNF) are preferentially expressed by intrafusal muscle fibers in E18.5 muscle and are required for their sensory and fusimotor innervation, respectively (Ernfors et al., 1994; Whitehead et al., 2005) . Relative to TgϪ muscles, neither GDNF nor NT-3 was up-regulated in Tgϩ/⌽ muscles, but both were up-regulated 4-and 5.2-fold, respectively, in Tgϩ/H muscles (Fig. 7 B) . The newly identified Egr3 target genes NGFR (p75), SSTr2, and Prph1 were not up-regulated in Tgϩ/⌽ muscles relative to TgϪ muscles, whereas they were all up-regulated in Tgϩ/H muscle 6.4-, 6.7-, and 4-fold, respectively (Fig. 7 C) . Finally, several other genes identified as potential Egr3 target genes in primary myotubes (Fig. 1 D) were also up-regulated in Tgϩ/H muscles. ATP1␣3, harry Figure 6 . Intrafusal-like muscle fibers are not innervated in HSA-Egr3 transgene-expressing mice. (A) A subset of proprioceptive neurons in the dorsal root ganglia (DRG) give rise to Ia-afferents that express parvalbumin (Pv). There was no difference in the number of Pvϩ neurons in DRG between TgϪ and Tgϩ/H mice (fifth lumbar DRG shown), which is consistent with normal innervation of some spindles in Tgϩ/H muscles (n ϭ 4 for each genotype; mean and standard deviation shown). (B) However, although Pvϩ Ia-afferents were robustly labeled in normal spindles in TgϪ (arrowhead) and Tgϩ/H mice (not depicted), there was no evidence of Pvϩ axon innervation in any of the transformed myotubes in Tgϩ/H muscles. (C) Muscles in Tgϩ/H mice were not capable of sustaining any motor innervation. Motor neurons (mn) present in TgϪ spinal cords (lumbar cord shown) were entirely absent in Tgϩ/H mice, leaving only spinal interneurons in their place. Complete motor neuron loss was corroborated by the absence of ventral roots (vr), which carry motor axons into the periphery. (D) Spindles in TgϪ muscles received both Ia-afferent and fusimotor innervation, which was robustly labeled by ATP1␣3 immunohistochemistry, whereas no ATP1␣3-labeled axons innervated the transformed myotubes in Tgϩ/H muscles. Arrowheads indicate the spindles innervated by ATP␣3-containing axons. (E) Consistent with the observation that Pvϩ neurons are not altered in Tgϩ/H mice, Ia-afferent-contacted, Pea3-expressing myotubes were observed in Tgϩ/H muscles, and Pea3 expression was not significantly different from wild-type (TgϪ) or nontransgene-expressing (Tgϩ/⌽) muscles (n ϭ 4 for each condition; mean and standard deviation shown). Inset shows a magnified image of the Pea3-expressing spindle (arrow). Bars: (A, C, and E) 50 m; (B and D) 20 m; (inset) 10 m.
enhance of split 1 (Hey1), and 2810417MoRik were not up-regulated in Tgϩ/⌽ muscles relative to TgϪ muscles, whereas they were up-regulated 11.2-, 10.3-, and 7.3-fold, respectively. Together, these data demonstrate that enforced Egr3 expression in skeletal myotubes leads to their transformation into muscle fibers that are structurally similar to intrafusal muscle fibers and that express many genes characteristic of them.
Discussion
During skeletal muscle development, Ia-afferents specify the fate of myotubes by engaging novel gene transcription that transforms them into biochemically and functionally distinct intrafusal muscle fibers. Recent studies have refined our understanding of this classic nerve-muscle induction process by demonstrating that Nrg1 produced by Ia-afferents and signaling through the Nrg1 tyrosine kinase receptor ErbB2 in contacted myotubes is essential to engage the spindle morphogenesis program in vivo (Andrechek et al., 2002; Hippenmeyer et al., 2002; Leu et al., 2003) and in vitro (Jacobson et al., 2004) . Moreover, Nrg1 signaling from Ia-afferents is necessary to induce several transcription factors (Egr3, Pea3, ER81, and ERM), which represent at least some proximal mediators of the gene regulatory networks that are engaged by Ia-afferent contact with myotubes. We focused on the role of Egr3 in mediating particular aspects of Ia-afferent (Nrg1-ErbB2) signal transduction because our earlier work indicated that Egr3 is required for normal spindle morphogenesis (Tourtellotte and Milbrandt, 1998) . Its expression is restricted to Ia-afferent-contacted myotubes, and Egr3-deficient, Ia-afferent-contacted myotubes do not acquire characteristic structural features or phenotypic markers of intrafusal muscle fibers (Tourtellotte et al., 2001; Chen et al., 2002) .
Egr3 gene regulation in Ia-afferentcontacted myotubes
Egr3 regulates a relatively large network of genes within myotubes, and although not all of the genes identified were characterized further in this study, some of them were regulated by Egr3 in developing intrafusal muscle fibers. We found that NGFR (p75), SSTr2, and Prph1 are regulated by Egr3 in intrafusal muscle fibers. Of the 83 genes identified by expression analysis in myotubes, we verified that 15/15 genes tested were up-regulated, suggesting that the list of Egr3 target genes has a high degree of specificity. Moreover, the Egr3-mediated gene regulatory network is evidently complex because the target genes have tremendous functional diversity, including processes such as transcriptional regulation, intracellular signal transduction, protein processing, and cytoskeletal organization. Interestingly, however, not all genes that were up-regulated by Egr3 in myotubes in vitro were Egr3 targets in the developing intrafusal muscle fibers in vivo because neither GPR50, Rphn2, nor Arc was expressed by them. Thus, enforced expression of Egr3 in myotubes leads to target gene expression that is not necessarily restricted to the myotube-cellular context. In support of this concept, studies in progress indicate that Arc is directly regulated by Egr3 in neurons, despite the fact that it is not expressed by intrafusal muscle fibers where Egr3 is expressed at high levels (unpublished data). These results indicate that the cellular context appears to be important in providing a permissive environment for expression of a particular repertoire of Egr3 target genes that are relevant to intrafusal muscle fiber morphogenesis. Whether the target genes identified are directly regulated by Egr3 or whether they are expressed by the activation of downstream mediators of Egr3 is currently not known. Moreover, it is not known whether any of these newly identified Egr3 target genes are essential for spindle morphogenesis. , a well-established marker for intrafusal muscle fibers, was expressed selectively by the relatively few intrafusal muscle fibers present in wild-type muscles (arrows), whereas it was markedly up-regulated by muscle fibers in Tgϩ/H mice. (bar graph) The number of SdMyHC-expressing myotubes was significantly increased in Tgϩ relative to TgϪ mice when the number of myotubes/section were counted in lower hindlimb muscles. Bars: 50 m; (inset) 25 m. (B) Similarly, expression of the neurotrophins NT-3 and GDNF, both of which are expressed in muscle primarily by intrafusal muscle fibers in E18.5 wild-type mice, were up-regulated in Tgϩ/H muscles but not in nontransgene-expressing muscles (Tgϩ/⌽) relative to wild type (TgϪ). (C) The expression of NGFR (p75), SSTr2, and Prph1, three newly identified target genes that are regulated by Egr3 in spindles, were also markedly up-regulated, as were (D) several other genes (ATP1␣3, Hey1, and 2810417MoRik) that were examined from the Egr3 target gene microarray analysis results (mean and standard deviation shown; n ϭ 4 embryos for each genotype; *, P Ͻ 0.05; **, P Ͻ 0.01).
An analysis of additional Egr3 target genes by in situ hybridization will be necessary to further define the Nrg1-ErbB2-Egr3 regulatory axis that mediates intrafusal muscle fiber morphogenesis.
Ia-afferents have a broad regulatory influence over spindle morphogenesis, and Egr3 regulation is apparently only part of the complex morphogenetic signaling pathway. Many of the genes that are up-regulated during the early aspects of muscle spindle morphogenesis, such as Egr3, ERM, ER81, and Pea3, are independently regulated (Hippenmeyer et al., 2002) . Thus, multiple parallel regulatory networks likely exist, and they may have distinct roles during spindle morphogenesis. For example, the role of ERM during spindle morphogenesis has not been determined because ERM-deficient mice die before spindle morphogenesis is initiated, but its function in muscles is not likely to be restricted to spindle morphogenesis because it is expressed by intrafusal and nonintrafusal muscle fibers. Pea3, which neither regulates Egr3 nor is regulated by Egr3, is not necessary for spindle morphogenesis despite the fact that in muscles its expression is restricted to intrafusal muscle fibers (Livet et al., 2002) . Pea3, which is also expressed in motor neurons and is regulated by GDNF, has a role in patterning motor innervation rather than in spindle morphogenesis itself (Haase et al., 2002; Livet et al., 2002) . Similarly, ER81 has a role in sensory patterning, which may explain the partial disruption of spindle morphogenesis in ER81-deficient mice secondary to altered sensory innervation on which spindle morphogenesis depends (Kucera et al., 2002) . In contrast, Egr3 appears to have a selective role in mediating some aspects of Ia-afferent signaling that are related to intrafusal muscle fiber differentiation because its restricted expression to spindles is required for their normal morphogenesis. Thus, Egr3-mediated gene regulation appears to be necessary for myotubes to acquire a normal intrafusal muscle fiber phenotype.
Myotube fate specification mediated by
Egr3 target gene regulation
Although Egr3 expression is necessary for normal intrafusal muscle fiber morphogenesis, it also appears to be sufficient to drive some aspects of intrafusal muscle fiber differentiation from otherwise undifferentiated skeletal myotubes. Skeletal myotubes were transformed into muscle fibers that had structural and molecular similarities to intrafusal muscle fibers when Egr3 expression was enforced independently of Ia-afferent signaling. Moreover, several established intrafusal muscle fiber markers, including Sd-MyHC, NT-3, and GDNF were upregulated in HSA-Egr3 transgene-expressing muscles. Similarly, three new Egr3 target genes that were selectively expressed by intrafusal muscle fibers (NGFR [p75] , SSTr2, and Prph1) and three additional Egr3 target genes (ATP1␣3, Hey1, and 2810417MoRik) were all up-regulated in transgene-expressing muscles. However, the transformed muscle fibers did not acquire the motor or sensory innervation that is characteristic of normal intrafusal muscle fibers, suggesting that Egr3 has a role that is distinct from other Ia-afferent-mediated pathways that may be required to establish and/or maintain these interactions. Moreover, the transformed myotubes did not acquire fusiform capsules that may normally be derived from terminal Schwann cells of the innervating sensory axons. Finally, somatic motor neurons were almost completely absent in HSA-Egr3 transgenic mice, indicating that the transformed muscle fibers were not capable of sustaining skeletomotor innervation that would have been present had they not expressed Egr3 and differentiated into intrafusal muscle fibers. It will be necessary to conditionally express Egr3 in skeletal myotubes in order to study the fate of motor and sensory innervation during development because the transgenic founders died and could be generated only in small numbers.
Sensory control over the morphogenesis of many mechanoreceptors is recognized as a common theme in their ontogeny. A detailed understanding of the gene regulatory mechanisms that are governed by sensory axon innervation of muscle spindles may be applicable to mechanisms used during the ontogeny of other sensory mechanoreceptors. These studies define a set of Egr3-regulated target genes, some of which appear to be relevant to intrafusal muscle fiber morphogenesis. Egr3 is regulated by Nrg1-ErbB2 signaling, and it appears to mediate gene expression that is necessary and sufficient to specify the fate of Ia-afferent-contacted myotubes to become intrafusal muscle fibers and to mediate their morphogenesis.
Materials and methods
Animals and preparation of tissues
Egr3-deficient mice were mated on a C57BL/6/129SvJ background and were generated and genotyped as previously described (Tourtellotte and Milbrandt, 1998; Whitehead et al., 2005) .
The HSA-Egr3 transgenic mice were generated by using the previously characterized HSA promoter to express Egr3 in skeletal myotubes (Muscat et al., 1992) . The transgenic construct was derived from pBSXHSAvpA (Crawford et al., 2000 ; provided by J. Chamberlain, University of Washington, Seattle, WA) by cloning a full-length, HA-tagged Egr3 cDNA into the NotI site of pBSX-HSAvpA. The construct was injected into B6SJL embryo pronuclei and transplanted into recipient females using standard procedures (provided by L. Doglio and R. Alvarez, Northwestern University, Chicago, IL). The transgene-expressing founder mice were not postnatally viable, and, therefore, recipient females were killed to analyze founder embryos at various gestational ages. Each embryo was genotyped using primers 5Ј-AAACTCGCCGAGAAGCTGCCGGTG-3Ј (sense) and 5Ј-TGTGCATCCATCGCTAGCTCGCTC-3Ј (antisense) to amplify a 230-bp fragment of the endogenous Egr3 genomic locus. A third primer, 5Ј-TCAGGGAGACGTGGAGGCCATGTA-3Ј, was used to amplify a 413-bp fragment of the Egr3 cDNA transgene (nonintron containing) when paired with the sense probe in a multiplex PCR reaction.
The day of vaginal plug for all of the mice was considered as E0.5. The embryos were isolated by cesarean section, were rapidly decapitated, were fixed at 4ЊC in 100 mM phosphate-buffered 4% PFA, and were either cryoprotected for 24 h in 30% phosphate-buffered sucrose and frozen or were directly embedded in paraffin. Serial paraffin sections (8 m) or frozen sections (15 m) were generated. Some tissues were embedded in resin, in which case the fixative was substituted for 2.4% glutaraldehyde and 1% PFA. The tissues were dehydrated in increasing concentrations of ethanol that was infiltrated with Embed 812 resin (Electron Microscopy Sciences) and heat cured at 60ЊC overnight. Resin sections were cut at 1 m and were counterstained with toluidine blue (Sigma-Aldrich).
Myoblast isolation and myotube culture
Hindlimb skeletal muscle tissues were isolated from wild-type, postnatal (3-5) mice. Myoblasts were isolated by enzymatically dissociating (dispase, grade II, 2.4 U/ml; Boehringer), and the muscle tissues were triturated according to previously published procedures (Rando and Blau, 1994) . Myoblasts were purified by multiple rounds of preplating on collagen-coated tissue culture plates (0.01% type I; Sigma-Aldrich) and expanded in growth medium (Ham's F10; Mediatech), 20% FBS, and 2.5 ng/ml basic FGF (Promega). Purified primary myoblasts were plated onto collagen-coated plates and were differentiated into multinucleated myotubes for 10 d using differentiation medium (Ham's F10 and 5% horse serum). and the counting frame boundaries were 80 ϫ 60 ϫ 6 m in height. Only immunopositive neurons with sharply focused nuclei (containing at least one nucleolus) within the optical dissector counting frame boundaries were tallied. The total number of Pvϩ neurons per DRG was estimated by the StereoInvestigator software.
Statistical measures
The Kolmogorov-Smirnov test was used to detect departures of the data from normality. F-tests were used to check for equal variances, and, in the case of unequal variances, the nonparametric Mann-Whitney U test was used. When variances were equal, the t test was used. The acceptance of significance was set to P Ͻ 0.05.
